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We experimentally demonstrate the principle of an on-chip submillimeter wave filter bank spectrome-
ter, using superconducting microresonators as narrow band-separation filters. The filters are made of
NbTiN/SiNx/NbTiN microstrip line resonators, which have a resonance frequency in the range of 614-685
GHz—two orders of magnitude higher in frequency than what is currently studied for use in circuit quantum
electrodynamics and photodetectors. The frequency resolution of the filters decreases from 350 to 140 with
increasing frequency, most likely limited by dissipation of the resonators.
On-chip filter bank spectrometers using superconduct-
ing resonators as narrow band-separation filters have
been theoretically studied1–3 as one of the promising
technologies for enabling multi-object broadband spec-
trometers on next-generation millimeter/submillimeter
wave telescopes4 for astronomy. The advantage of an in-
tegrated filter bank spectrometer, such as the proposed
instrument DESHIMA (Delft-SRON High z Mapper)1,2,
over conventional optical spectrometers5 is the combina-
tion of; 1) photon-noise limited point-source sensitivity,
ultimately equal to a grating spectrometer, 2) compact
size of each filter, which is of the order of the wavelength
on chip and independent of frequency resolution, and 3)
flexibility for increasing the sampling in either frequency
space, or in real space, by arranging multiple filter bank
units on a focal plane. One of the challenges towards real-
ization is to make resonant filters with Q ≥ 300, to match
the typical line width of distant submillimeter galaxies6.
Unloaded Q’s of up to 2000 have been reported7 at 100
GHz (λ = 3 mm), but so far there has been no exper-
imental study on resonant filters with Q > 100 in the
submillimeter band (300-1000 GHz), in which the lumi-
nous C+ line at 1.9 THz can be detected from dusty
star-forming galaxies in the redshift range of 1< z <5,
including the peak of cosmic star formation history.1,2
Here we prove the principle of performing spectroscopy
in the 600-700 GHz submillimeter band, using a su-
perconducting on-chip filter bank. We have developed
a chip, onto which 30 spectroscopic channels are inte-
grated. A schematic of the distributed circuit is pre-
sented in Fig. 1 (j). Each channel is a combination of
a submillimeter-wave superconducting resonator which
functions as a band-separation filter, and a microwave
a)Electronic mail: A.Endo@tudelft.nl.
resonator coupled to it which functions as a microwave ki-
netic inductance detector (MKID), and is indicated with
a shaded line in Fig. 1). There are two sets of 15 channels
on one chip, which are each designed to have a resolution
of f/df = 1000, and spaced in frequency with an inter-
val of 20.8 GHz so that they sparsely cover the band of
530-830 GHz. In the case of a real spectrometer, the
filters should be packed densely to cover the band with
no gaps. In the following, we will show that this chip is
indeed capable of detecting submillimeter waves at dif-
ferent channels depending on the frequency, and discuss
the properties of the resonant filters.
We will begin by describing the working principle of
a single band-separation filter, using transmission line
theory.8 The configuration of a single filter is represented
by a 3-port transmission line model in Fig. 1 (a). The
submillimeter wave signal enters the circuit from port 1
(we denote port 1 as P1 hereafter, and accordingly for P2
and P3) and flows towards P2. We will call the line be-
tween P1 and P2 the ‘signal line’. Along the signal line is
a half wavelength resonator which is capacitively coupled
to the line. On the other side, it is capacitively coupled
to P3, which we will later connect to a matched MKID
detector. The loaded quality factor of the resonator, Ql,
consists of 3 components;
1/Ql = 1/Qi + 1/Qc1 + 1/Qc2. (1)
Here, Qi is the unloaded (internal) quality factor that re-
flects dissipation loss in the resonator, Qc1 is the quality
factor set by the power that leaks from the resonator to
P1 and P2, and Qc2 is the quality factor set by the power
leaking to P3. Hereafter we will assume Qc1= Qc2≡ Qc,
because we have designed the two capacitors symmet-
rically to achieve maximum coupling. Using these def-
initions, the normalised magnitude of power transmit-
ted from P1 to P3 for signal frequencies f in the vicin-
ity of the resonance frequency f0 can be written with a
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FIG. 1. (a) 3-port network model of a single submillimeter wave filter. λSM and λMW indicates the submillimeter wave and
microwave wavelengths, respectively, which are reduced by the dielectric medium and also by the kinetic inductance of the
superconductor. (b) Network model of a single channel, which is a combination of a submillimeter wave filter and a microwave
resonator (MKID). The channel is capacitively coupled to the signal line on the filter end, and to the readout line on the MKID
end. (c) Micrograph of a small area on the filter bank chip. The image captures the antenna and 5 channels of the filter bank
nearest to the antenna. (d) Double-slot antenna etched into the NbTiN ground plane. The horizontal line is the signal MSL
which is connected to the filter bank. (e) Submillimeter wave MSL filter, shaped like the character U. (f, g) sections of the
MSL-MKID. (h, i) Microwave coupler of the MKID for reading out the response. (j) Block diagram of the experimental setup.
Lorentzian function as
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At f = f0, the transmission reaches its maximum of
|S31|
2 =
2Q2i
(Qc + 2Qi)2
. (3)
The configuration of a single spectroscopic channel,
which is a combination of a filter and an MKID detector,
is presented in Fig. 1 (b). At the top of the diagram is
the submillimeter wave filter that we discussed in the pre-
vious paragraph. The signal line and the filters are made
of NbTiN, which typically has a gap frequency of ∼1.1
THz9 and should therefore behave as a superconductor
for a signal of 600-700 GHz. Now P3 is connected to the
center of an MKID which is open-ended on both sides.
The MKID is itself a half wave resonator for a microwave
readout tone in the range of 6-7 GHz, and is capacitively
coupled on one of its open ends to a through-line made
of a NbTiN microstrip line for probing the microwave re-
sponse. For the prototype device we have chosen Ta as
the material for the top wire, while the ground plane is
the same NbTiN film continuing from the filter. Inferring
from the measured Tc of the Ta film of 4.4 K and assum-
ing the BCS relation of 2∆ = 3.5kBTc, the gap frequency
of the Ta film is ∼320 GHz, and therefore forms a lossy
stripline for the signal at 600-700 GHz.
Micrographs of the circuit are presented in Fig. 1 (c-
i). Fig. 1 (c) shows the double slot antenna (subfigure
d) coupled to the signal line, and part of the filter bank.
Each channel has a different resonance frequency for the
filter and the MKID. Micrographs with higher magnifica-
tion of a single channel are presented in subfigures (e-i).
There is a NbTiN ground plane under the entire circuit,
and there is a l µm-thick layer of SiNx in between the
ground plane and the wires. The filters have a U shape,
and are designed using simulations with SONNET EM10
so that the single-side Qc is equal to 2000.
The fabrication of the device begins with taking a c-
plane sapphire wafer with a thickness of 350 µm and a
diameter of 100 mm. A 300 nm-thick layer of NbTiN
is dc-sputter deposited to become the ground plane, and
the antenna slots were etched using electron beam lithog-
raphy and dry etching. Then a 1µm-thick layer of amor-
phous SiNx is deposited using plasma-enhanced chemical
vapour deposition (PECVD) at 300 ◦C. We subsequently
deposit a 200 nm-thick layer of Ta on top of a 7.5 nm-
thick seed layer of Nb, followed by electron-beam lithog-
raphy and dry etching to define the MKIDs. Finally, we
deposit 85 nm of NbTiN and define the signal line, the fil-
ters, the readout through line, and via-less bonding pads
to connect to the sample box. All wires have a width
of 3 µm, except at the feed point of the antenna, where
it decreases to 1 µm. The top NbTiN layer has a re-
sistivity of 160 µΩ cm and a superconducting transition
temperature of Tc = 14.2 K.
The microwave losses of the transmission lines have
been measured using a vector network analyzer while the
chip was cooled to 350 mK using a 3He sorption cooler.
All 30 Ta/SiNx/NbTiN microstrip MKIDs have a res-
onance frequency in the range of 6-7 GHz as designed,
and have an unloaded quality factor of Qi = 1-5×10
5.
We have also fabricated a single microwave resonator
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with a NbTiN wire to measure the microwave losses of
the NbTiN/SiNx/NbTiN microstrip line. This resonator
showed an unloaded quality factor of 2.5×105. These val-
ues show that the SiNx dielectric has a microwave loss in
the range of tan δ = 2-10× 10−6, which is comparable to
or even lower than the best values found in literature11.
We have measured the submillimeter wave frequency-
dependent response of the channels using a measurement
setup as shown in Fig. 1 (j). The filter bank chip is
shown in the grey rectangle. On the back side of the
chip, we have glued an elliptical lens made of Si, which
has a diameter of 8 mm. The chip and the lens are
cooled down to 250 mK using a 3He sorption cooler.
The lens looks straight out of the cryostat through a 1.1
THz micro mesh low pass filter12 and a GORE-TEX in-
frared blocker. Outside the window is a multiplier-based
narrow-band submillimeter source with a tuneable fre-
quency in the range of 600-700 GHz, which shines radi-
ation from a feed horn into the cryostat window. The
polarisation of the feed horn is tilted by 45◦ with respect
to the polarisation of the antenna on the chip. By turning
the orientation of a linear polarising grid in the optical
path, we can make the polarisation of the signal enter-
ing the cryostat either parallel or perpendicular to the
designed polarisation of the antenna on the chip.
The bandpass characteristics of the filters are mea-
sured by observing the response of each MKID while
sweeping the submillimeter source frequency. We use an
FFTS-based multi-tone readout electronics13,14 with 400
MHz bandwidth, which allows us to simultaneously mea-
sure the response of 16 MKIDs, of which 5 have 1) MKID
resonance frequencies within a single readout bandwidth,
2) designed filter resonance frequencies in the 600-700
GHz band, and 3) situated consecutively on the chip. A
common background signal is seen for all 16 MKIDs, as
shown in the inset of Fig. 2, where the response of one
channel is compared with a trace of a channel with a fil-
ter tuned to outside of the 600-700 GHz band. Because
there was no systematic dependence of the common sig-
nal on the positions of the resonators on the chip, we
conclude that it is due to stray light leaking from around
the lens into the sample holder, which forms an inte-
gration cavity to couple the stray light directly to the
MKIDs. In a future experiment the amount of stray light
can be reduced by a better design of the sample box,15
and using intermediate optics to improve the coupling
efficiency from the source to the lens-antenna. Here we
take advantage of the fact that the background signal
is common for all channels, and use it first to calibrate
the responsivity variation between the MKIDs. Then we
flatten the spectra by normalizing each spectrum on the
background signal. As a result, we obtain a spectrum for
each channel which has a normalized background level
at unity, onto which any response unique to that chan-
nel is superimposed. Fig. 2 shows the obtained spectra
for the 5 in-band channels. Each spectrum has a single
peak, which is fitted well with the theoretically expected
Lorentzian curve given in Eq. 2. The center frequencies
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FIG. 2. Normalized phase response of the MKIDs behind con-
cecutive filters in the range of 600-700 GHz. All 5 curves have
been normalized so that the average background response out-
side the filter band is equal to unity, and each curve has been
given an offset for clarity. The stepped plots indicate the
measured data, where the solid curves are Lorentzian fits to
each set of data. (Inset) Example of spectra for two chan-
nels before dividing out the common stray light component.
The vertical axis shows the phase response of the MKIDs in
units of milliradians. One of the spectra (solid blue curve)
has a filter with a frequency within the measured band at 614
GHz, where the other one (dashed black curve) has by design
a filter centered at 759 GHz, which is outside the measured
frequency band. The spectrum of the 614 GHz channel after
dividing out the stray light component is included also in the
main figure, as indicated by the arrows.
of each filter agree well with the design, with an offset
of 4%. The center frequencies of the channels increase
linearly, with a spacing of ∼17 GHz, which is slightly
smaller than the designed value of 20.8 GHz. As we ro-
tate the polarizer so that the polarization of the signal
from the source is perpendicular to the designed polar-
ization of the antenna, the peak vanishes while the broad
band response to stray light remains similar.
By fitting each curve in Fig. 2 with Eq. 2, we extract
Ql and the height of the peak above the background level,
and plot them against each other in Fig. 3. Ql varies from
140 to 350, while the peak height spans over a factor of 6.
It is interesting to consider whether there is a systematic
relation between the two. In Fig. 3, we have overlaid a
parametric plot of |S31|
2 as a function of Ql calculated
using Eq. 2, by adopting the designed value of Qc = 2000
and sweepingQi in the range of 160 < Qi < 530. The rea-
sonably good agreement between the model and the ob-
servation indicates that the Ql of the resonators—which
sets the resolution of the filter bank as a spectrometer—is
limited by dissipation in the resonators, rather than too
strong a coupling to the input and output ports. Note
that for the opposite case in which Qc < Qi = const and
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FIG. 3. (Left axis, points) Normalized peak height plotted
agianst the loaded quality factor Ql, where both values are
taken from the fitted curves presened in Fig. 2. (Right axis,
curve) Normalized filter transmission |S31(Ql)|
2 as a function
of Ql, where both |S31(Ql)|
2 and Ql are calculated by varying
Qi as a parameter in Eq. 2. (Inset) Inferred Qi for each filter,
plotted against the resonance frequency.
Qc is swept as a parameter, |S31(Ql)|
2 becomes a mono-
tonically decreasing curve. From the curve we can tell
that the filter transmission |S31|
2 is in the range of 1-6%.
The Qi calculated in this way for each filter is plotted as
a function of resonance frequency in the inset of Fig. 3.
Qi begins at 530 for f0 = 614 GHz, and decreases by a
factor of ∼3 as the frequency is increased.
If we would now assume that this decrease in Qi with
frequency is due to the increase in dielectric loss, it would
imply that the loss tangent (tan δ = Q−1i ) of the SiNx film
increases from 2 × 10−3 at 614 GHz to 6 × 10−3 at 685
GHz. Though the absolute magnitude of these values are
comparable to the room-temperature losses at the same
frequencies reported for CVD-deposited SiNx films
16, the
losses reported therein increase by only ∼15% over the
range of 600-700 GHz. This is strikingly slow compared
to the rapid increase by a factor of 3 in our experiment.
If we next assume that the superconducting NbTiN
is responsible for the loss, the sheet resistance inferred
from the Qi values are in the range of 0.7-2 mΩ, which is
lower than epitaxial NbN and NbCN films measured at
4.2 K17,18. If we would treat NbTiN in the framework of
the BCS and Mattis-Bardeen theory19 as a superconduc-
tor with Tc = 14.2 K and hence a gap energy of 2.2 meV,
the Qi of a resonator for 600-700 GHz at a temperature of
250 mK should be many orders of magnitude higher than
what can be probed in this experiment. One possibility
is that there is a layer of reduced Tc at the surface of the
NbTiN, produced either during the 300 ◦C-deposition of
SiNx, or the initial stages of the deposition of the wire, as
has been argued for Nb strip lines.20 In order to explain
the Qi which we measure, one would have to assume such
an interface layer with a Tc of 8K or lower.
In conclusion, we have experimentally demonstrated
submillimeter-wave on-chip spectroscopy using a super-
conducting filter bank, in the submillimeter wave band
of 600-700 GHz. The achieved resolution is in the range
of Ql = 140-350, which is found to be limited by losses in
the transmission line. The estimated transmission across
the filters is 1-6%, which can be increased by bringing Qc
closer to the Qi at the cost of a lower resolution. Devel-
opment of transmission lines with losses lower by a factor
of 4-10 (Qi≥ 2000), sample packaging with better stray
light control, and antennae with a high efficiency over
a broad bandwidth21, are required for the realization of
on-chip filter bank spectrometers with sufficient resolu-
tion and photo-efficiency to be useful for extragalactic
astronomical science at these high frequencies.
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